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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016. 
Keywords: High Pressure Turbine Blade; Creep; Finite Element Method; 3D Model; Simulation. 
 
 
 
* Corresponding author. Tel.: +351 218419991. 
E-mail address: amd@tecnico.ulisboa.pt 
Copyright © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license  
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review under responsibility of the Scientific Committee of ECF21.
10.1016/j.prostr.2016.06.435
Procedia Struc ural Integrity 2 (2016) 3491–35 0
10.1016/j.prostr.2016.06.435
 
Available online at www.sciencedirect.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21.  
21st European Conference on Fracture, ECF21, 20-24 June 2016, Catania, Italy 
Identification of the Weakest Metallurgical Zone on Fracture 
Behavior of an Undermatched Welded Joint 
W.Rekik*a,O.Anceleta, C.Gardinb 
aCEA Saclay DEN/DANS/DM2S/SEMT/LISN, 91191 Gif sur Yvette, France 
bINSTITUT Pprime, CNRS-ENSMA F-86961 Futuroscope-Chasseneuil Cedex, France 
Abstract 
In the particular case of welded structures, the tearing resistance is strongly dependent on the mismatch of welded joint. In this 
context, the fracture behavior of an undermatched electron beam (EB) welded joint on thick plate of aluminum alloy 6061-T6 
used for structural components of experimental nuclear reactors was investigated through experimental and numerical 
approaches. The local constitutive behavior of the various zones of the welded joint is characterized by means of a new 
measurement prototype and the corresponding Hollomon parameters are determined. Toughness tests are then carried out on 
Compact Tension specimens for different configurations of initial crack. The transferability of the identified fracture toughness at 
initiation of each metallurgical zone is studied through J1c tests on Single Edge Notched Tension specimens. For a reliable 
interpretation of toughness tests, Finit  Element analysis is performed to account for the multimaterial effect n t considered in a 
standard analysis. From these experimental and numerical results, a contrast in t sile and fracture behavior is highlig ted which 
makes difficult the identification of the weakest metallurgical zone of the welded joint on fracture behavior.  
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1. Introduction 
Aluminum alloys are commonly used for structural engineering applications which require sometimes the use of 
high thick components. In order to fulfill these requirements, a recent concern has been raised about the weldability 
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of thick aluminum alloys [Roberts (2012)]. In this context, the weldability performance of the heat treated aluminum 
alloy of 6061 series was widely investigated and the power beam welding process was quantified to be the most 
appropriate as it provides the highest welding quality [Nègreet al. (2004), Dos Santos et al. (2000)]. In contrast to 
steel welds, often overmatched[Dos Santos et al. (2000), Chen et al. (2015)], the mismatch configuration of 
aluminum welds is undermatched because of a lower strength in the fusion zone (FZ) than the base metal (BM) 
[Zhang et al. (2015]. In the particular case of the structural hardened 6061-T6 alloy, the mismatch is strongly 
pronounced. In fact, the high energy density during the electron beam welding allows the weldability of high 
thickness in one pass but, consequently, it dissolves the hardening precipitates Mg5Si6 initially created by T6 heat 
treatment. It then implies a reduction of the chemical concentration of silicon and magnesium within the fusion zone 
[Liang (2012, Cieslak et al. (1988), Ventzke et al. (1999)] which explains the high decrease in strength. Besides a 
reduced size of the welded joint, the electron beam process generates a relatively large heat affected zone (HAZ) 
with a significant gradient of mechanical properties as a result of the evolution of the hardening precipitates toward 
more stable phases with no hardening effect under high temperature [Bardel (2014)]. In the integrity assessment of 
the welded structures, the undermatch and the intermediate mechanical properties both make difficult the analysis 
because the crack behavior is strongly affected by the stress distribution [Laukkanen et al. (2007)]. Consequently, 
for a reliable assessment of the welded structure integrity, the local behavior of each metallurgical zone of the 
welded joint must be further clarified both in tension and toughness. In this work, the fracture behavior for different 
crack configurations was investigated by means of experimental tearing tests and numerical analysis to account for 
the multi-material effect of the welded joint. Complementary tests on SENT specimens are investigated in order to 
study the transferability of the criteria.  
2. Material and experimental procedures 
2.1. Tested material 
The welded joint studied in this paper is obtained by joining 21mm thick plates of Al 6061-T6 alloy with the 
Electron Beam welding process perpendicularly to the rolling direction and with no filler wires. The main alloying 
elements of the Al 6061 are magnesium and silicon which, under T6 heat treatment, precipitate on hardening 
metastable β’’-Mg5Si6 phase. Vickers micro-hardness measurements under a 300 g load were operated across the 
thickness of the welded joint (Fig. 1.)  
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Four main metallurgical zones can be easily distinguished. The BM not affected by the welding process presents 
a hardness value close to 110 Hv. A loss of hardness is, however, revealed in the fusion zone due to the dissolution 
of the hardening precipitates and the reduction of the chemical composition on alloy elements. In contrast, the 
temperature reached in the interface FZ/HAZ doesn’t alter the chemical composition of the aluminium alloy, and the 
hardness is partially restored. The heat affected zone (HAZ) presents intermediate properties with a strong gradient 
from fusion zone to base metal values. In fact, the high thermal gradient induces a gradual evolution of the 
hardening precipitates from metastable phase to stable one with lower strain hardening effect.  
The heterogeneities of mechanical properties induced by metallurgical changes particularly influence the global 
fracture behavior of the welded joint. As a consequence, the knowledge of the local tensile properties and of the 
fracture toughness of all metallurgical zones is fundamental in prequalification through failure assessment.   
2.2. Identification of the local tensile properties of the welded joint 
The local tensile behavior of the different metallurgical zones was evaluated by means of a round tensile 
specimen machined perpendicularly to the fusion line. The test was conducted on a specific testing machine, 
equipped with two laser micrometers in constant motion during tensile test so that the specimen profile is 
permanently scanned.  The experimental results have been analyzed using a new technique of post processing which 
consists of discretizing the gauge length of the tensile specimen into a finite number of points and of following the 
behavior of each one:  the behavior laws can then be obtained on each position of the welded joint. Details of this 
new processing method are reported in a previous work [Rekik et al. (2016)]. 
This specific analysis allows precise identification of the local behavior on each position of the welded joint. 
However, the experimental data must be reduced to a set of parameters, enabling the implementation of parametric 
studies through Finite Element modeling. The Hollomon [Hollomon (1945)] hardening equation (σ= Kεn) was used 
to describe the experimental identified behavior laws. Hence, each behavior law can be defined by two parameters n 
and K beyond the elastic range (K being the strength index and n the strain hardening index). Both experimental and 
analytical approaches were numerically approved [Rekik et al. (2016)] and the evolution of the identified Hollomon 
parameters for each position of the welded joint is illustrated in Fig. 2. In accordance with metallurgical findings, the 
strain hardening is maximum in the fusion zone but decreases progressively in the HAZ until the reach of the BM’s 
hardening index. In contrast the strength index K is maximum in the HAZ close to the BM and reaches the lowest 
value in the fusion zone. 
 
Fig. 2. Hollomon parameters identified across the weld joint 
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3. Fracture behavior of the electron beam welded joint 
3.1. Toughness tests on CT specimens 
The fracture behavior of the welded joint is investigated by means of toughness tests on Compact Tension 
specimens (Fig. 3a), and four positions of the initial crack are studied, namely within the base metal (BM), heat 
affected zone (HAZ), fusion zone (FZ), and the interface FZ/HAZ. Tearing tests were carried out using hydraulic 
MTS machine, under opening displacement control (Fig. 3b). Crack extension is followed by the partial unloading 
compliance method.  
In order to reproduce a nearby real crack, all the specimens are precracked under fatigue loading. A normalized 
crack length ratio a/w equal to 0.5 is chosen, a being the length of the precrack and w the distance to the pin hole 
center. Side grooves are machined so that the net thickness Bn is equal to 0.8 B (B=12.5mm being the thickness of 
CT specimens). 
 
Fig. 3. (a) Geometry of CT specimen; (b) loading sequence 
3.2. Tearing test results 
The load versus crack mouth opening displacement curves of the different toughness tests are illustrated in Fig. 4 
The crack initiation is indicated by full markers.  
 
Fig. 4. Load vs. CMOD of CT specimens for the fusion zone (FZ), base metal (BM) and the heat affected zone (HAZ) 
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A contrast in the fracture behavior of the welded joint is highlighted: 
 
 the plasticity in the fusion zone appears at a lower load level but its high strain hardening effect (Fig. 2) 
delays the crack initiation, 
 although the interface FZ/HAZ exhibits hardness values comparable to those of the BM, the fracture 
behavior is enhanced. This is possibly related to the differences on damage initiation sites, 
 the crack behavior in the heat affected zone is relatively similar to that of the base metal but with the 
involvement of more plasticity in the crack extension phenomena. 
 the crack extension within the base metal is governed by low plasticity levels (low tearing modulus), hence 
the lowest fracture toughness is expected. 
3.3. Finite Element analysis 
The comparison of the load versus crack mouth opening displacement curves provides qualitative evidences on 
the fracture behavior of the different metallurgical zones of the welded joint. For a quantitative characterization, the 
toughness of the welded joint will be evaluated by means of the fracture toughness J0.2 value. Experimentally, the 
toughness value is determined with the ɳ factor which links the plastic energy Jpl to the area Apl below the load 
versus the plastic opening displacement curve (1). 
pl
npl
A
awBJ ))(( 0     (1) 
Commonly, ɳ is calculated through the formulation (2) according to the ASTM E1820 standards. In contrast, the 
multimaterial effect of a welded specimen is not taken into account in such formulation; hence, Finite Element 
analysis is needed for a precise qualification of the ɳ plastic factor. 
w
aw
ASTM
)(522.02 0     (2) 
3.3.1. Numerical model 
 
A bidimensional simulation was performed using plane strain assumption as the thickness of the CT specimen is 
rather important. The CT specimen is modelled using reduced integration quadratic elements. To describe the tensile 
behavior of the welded joint, the intermediate mechanical behavior previously identified with cross weld tensile test 
is assigned on each position of the welded joint. Hence, a refinement of the mesh is provided all along the welded 
joint.  
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Fig. 5. Illustration of the numerical definition of the tensile behavior laws 
 
A procedure is developed using the Cast3m software [http://www-cast3m.cea.fr/] to allow a systematic 
assignment of the material constitutive behavior. A schematic illustration of the procedure performed is provided in 
Fig. 5. To reproduce the experimental boundary conditions, the point P1 is constrained along the x-direction and the 
load is imposed through vertical displacement at point P2 which is restrained from displacement along x-direction 
(Fig. 5).  
3.3.2. Results and discussion 
 
A proper η factor for each configuration of initial crack is numerically defined. Numerical and experimental 
results of an initial crack configuration within the HAZ are reported in Fig. 6.  The two major results are the 
following: 
 The numerical model assumptions, particularly the attributed tensile behavior, allow a good reproduction of 
the experimental load versus crack mouth opening displacement curves up to crack initiation (Fig. 6a), 
 The asymmetrical development of plasticity by the presence of the soft fusion zone has a considerable 
impact on the η factor identification and in consequence, on the J-crack extension curves (Fig. 6b). Hence 
the high interest of numerical analysis for the interpretation of J1c experimental results.  
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Fig. 6. (a) Numerical vs experimental load-CMOD curve and  plastic zones extent; (b) Impact of the η factor correction on the J-crack extension 
curves  
In order to reveal the mechanical intermediate behaviors of the heat affected zone previously highlighted by 
microhardness and cross weld tensile tests, additional toughness tests were conducted. From the J1c test results and 
the numerical evaluation of the ɳ factors, a complete model of the welded joint toughness behavior is determined 
(Fig.7).  
 
 Unlike tensile tests where the fusion zone exhibits the lowest strength values (114 MPa), the resistance to crack 
initiation is enhanced and the toughness is approximatively eight times higher than in the base metal.   
 The base metal is, in contrast, the hardest metallurgical zone (0.2%Ys = 270 MPa) as a result of the presence of 
the hardening precipitates. Nevertheless, the hardening particles reduce considerably the toughness of the 
material (J0.2 = 13 kJ/m²) as they constitute favorable sites for crack initiation.  
 In the heat affected zone, a considerable decrease of toughness from the fusion zone to the base metal is 
identified. This evolution fits with an exponential reduction function. As a result of the high heat input during 
electron beam welding process, the heat affected zone is submitted consequently to an important gradient of heat 
treatment. This dictates the local microstructure and properties of the heat affected zone.  
 
In fact, the Mg5Si6 content at the origin of the damage initiation in the unaffected base metal evolves to 
equilibrium states and a reduction in the hardening precipitates densities within the aluminum matrix occurs. Hence, 
an enhancement of the toughness properties and a reduction of the yield strength arise in the heat affected zone.   
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Fig. 5. Illustration of the numerical definition of the tensile behavior laws 
 
A procedure is developed using the Cast3m software [http://www-cast3m.cea.fr/] to allow a systematic 
assignment of the material constitutive behavior. A schematic illustration of the procedure performed is provided in 
Fig. 5. To reproduce the experimental boundary conditions, the point P1 is constrained along the x-direction and the 
load is imposed through vertical displacement at point P2 which is restrained from displacement along x-direction 
(Fig. 5).  
3.3.2. Results and discussion 
 
A proper η factor for each configuration of initial crack is numerically defined. Numerical and experimental 
results of an initial crack configuration within the HAZ are reported in Fig. 6.  The two major results are the 
following: 
 The numerical model assumptions, particularly the attributed tensile behavior, allow a good reproduction of 
the experimental load versus crack mouth opening displacement curves up to crack initiation (Fig. 6a), 
 The asymmetrical development of plasticity by the presence of the soft fusion zone has a considerable 
impact on the η factor identification and in consequence, on the J-crack extension curves (Fig. 6b). Hence 
the high interest of numerical analysis for the interpretation of J1c experimental results.  
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Fig. 6. (a) Numerical vs experimental load-CMOD curve and  plastic zones extent; (b) Impact of the η factor correction on the J-crack extension 
curves  
In order to reveal the mechanical intermediate behaviors of the heat affected zone previously highlighted by 
microhardness and cross weld tensile tests, additional toughness tests were conducted. From the J1c test results and 
the numerical evaluation of the ɳ factors, a complete model of the welded joint toughness behavior is determined 
(Fig.7).  
 
 Unlike tensile tests where the fusion zone exhibits the lowest strength values (114 MPa), the resistance to crack 
initiation is enhanced and the toughness is approximatively eight times higher than in the base metal.   
 The base metal is, in contrast, the hardest metallurgical zone (0.2%Ys = 270 MPa) as a result of the presence of 
the hardening precipitates. Nevertheless, the hardening particles reduce considerably the toughness of the 
material (J0.2 = 13 kJ/m²) as they constitute favorable sites for crack initiation.  
 In the heat affected zone, a considerable decrease of toughness from the fusion zone to the base metal is 
identified. This evolution fits with an exponential reduction function. As a result of the high heat input during 
electron beam welding process, the heat affected zone is submitted consequently to an important gradient of heat 
treatment. This dictates the local microstructure and properties of the heat affected zone.  
 
In fact, the Mg5Si6 content at the origin of the damage initiation in the unaffected base metal evolves to 
equilibrium states and a reduction in the hardening precipitates densities within the aluminum matrix occurs. Hence, 
an enhancement of the toughness properties and a reduction of the yield strength arise in the heat affected zone.   
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Fig. 7. Gradients in toughness J0.2 and 0.2% yield strength along the welded joint 
4. Transferability of the J0.2 fracture criterion 
The fracture behavior in term of J0.2, identified on CT specimens can be conservative for a large range of 
engineering structures as the constraint in crack tip is excessively high. It is therefore essential to evaluate the 
transferability of the fracture criterion to other geometries where the load and the constraint in crack tip are more 
representative of real components. Hence, a toughness test campaign is conducted on Single Edge Notched Tension 
specimens (SENT).   
4.1. SENT specimen and test conduct 
In accordance with a recognized standard [BSI], the SENT specimen is designed with a surface notch SN = W x 
B equal to 100 mm² (Fig .8) . The SENT specimen is clamped in the test machine. The specimen is precracked 
under fatigue using three point bending loading. The fatigue precrack depth is chosen so that the ratio a/w is equal to 
0.4.  Contrary to CT specimens, no side grooves have been machined. The transferability of the toughness behavior 
is studied for four main metallurgical zones namely the FZ, the interface FZ/HAZ, the HAZ and the BM.  
 
 
Fig. 8. Geometry of the clamped SENT specimen 
 
4.1. Analysis of toughness tests on SENT specimens 
For both fusion zone and base metal locations of initial crack, crack extension is limited to the symmetry plane. 
Whereas in the case of a crack in the HAZ crack kinks and deviates to the softest heat affected zone (Fig .9b). 
Generally, crack path deviation experimentally occurs due to the tendency of the crack to extend into the region with 
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the lowest yield strength. However, in the particular case of an initial crack at the interface FZ/HAZ (Fig .9a), the 
crack extends in the softest HAZ although it is limited by the soft fusion too. The preferential crack extension path is 
then the softest heat affected zone.  
 
Fig. 9. Crack path a) initial crack at the interface FZ/HAZ; b) initial crack at 11 mm from middle of the weld joint 
As a consequence of the crack deviation, the fracture toughness for 0.2 mm crack growth is not transferable.  The 
transferability will then be checked at initiation, which corresponds experimentally to a change in the slope on the 
compliance evolution curve. Results in terms of load vs crack mouth opening displacement curves are presented in 
Fig .10. The full markers corresponds to the experimental crack initiation (J = Ji).  
 
Fig. 10. Load vs. CMOD curves on SENT specimens for different configurations of initial crack within the welded joint 
As in the case of J1c tests on CT specimens, experimental tearing tests on SENT specimens were numerically 
modeled for an accurate evaluation of the fracture toughness (using the corresponding η factor). The toughness 
behavior for both CT and SENT specimens are summarized in table1. The transferability of the fracture toughness to 
SENT specimens is achieved in all cases.  
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the lowest yield strength. However, in the particular case of an initial crack at the interface FZ/HAZ (Fig .9a), the 
crack extends in the softest HAZ although it is limited by the soft fusion too. The preferential crack extension path is 
then the softest heat affected zone.  
 
Fig. 9. Crack path a) initial crack at the interface FZ/HAZ; b) initial crack at 11 mm from middle of the weld joint 
As a consequence of the crack deviation, the fracture toughness for 0.2 mm crack growth is not transferable.  The 
transferability will then be checked at initiation, which corresponds experimentally to a change in the slope on the 
compliance evolution curve. Results in terms of load vs crack mouth opening displacement curves are presented in 
Fig .10. The full markers corresponds to the experimental crack initiation (J = Ji).  
 
Fig. 10. Load vs. CMOD curves on SENT specimens for different configurations of initial crack within the welded joint 
As in the case of J1c tests on CT specimens, experimental tearing tests on SENT specimens were numerically 
modeled for an accurate evaluation of the fracture toughness (using the corresponding η factor). The toughness 
behavior for both CT and SENT specimens are summarized in table1. The transferability of the fracture toughness to 
SENT specimens is achieved in all cases.  
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Table 1. Fracture toughness at initiation for both CT and SENT specimens 
Initial crack configuration Ji for CT specimens (kJ/m²) Ji for SENT specimens (kJ/m²) 
Fusion zone 80 82 
Interface FZ/HAZ 40 47 
HAZ at 11 from the middle of the weld joint 17 17.5 
Base metal 9 10 
5. Discussion and conclusions 
In order to ensure the integrity of welded structures, failure assessment is required and the identification of a 
detrimental metallurgical zone from a fracture mechanics point of view is of high interest. However, the analysis is 
highly dependent on the loading mode:  
 for an imposed displacement loading, the crack first initiates in the base metal (Fig .10) and the heat affected 
zone close to the base metal. The crack, once initiated in the BM induces probably the collapse of the structure 
due to the low tearing modulus involved in the crack extension process.  
 for an imposed loading, fracture initiation occurs first in the HAZ (Fig .10)  which can therefore be considered as 
potential detrimental point of the welded joint.  
 
For an analysis based on crack growth more than initiation, the soft heat affected zone (Fig .9) can be considered as 
the weakest metallurgical zone of the weld joint as it is preferential to crack extension.   
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